ABSTRACT MXenes, a new family of multifunctional two dimensional (2D) solid crystals integrating high electroconductivity and rich surface chemistries, are promising candidates for electrolysis, which, however, have rarely been reported. Herein, free-standing ultrathin 2D MXene nanosheets were successfully fabricated from bulky and rigid MAX phase ceramics by liquid exfoliation with HF etching (delamination) and TPAOH intercalation (disintegration). The high oxygen reduction reaction (ORR) performance has been obtained, due to the extremely small thickness of the asfabricated Ti 3 C 2 around 0.5-2.0 nm, equivalent to the dimensions of single-layer or double-layer Ti 3 C 2 nanosheets in thickness. The ORR performance of the obtained Ti 3 C 2 MXene-based catalyst exhibits desirable activity and stability in alkaline media. This study demonstrates the potential of earth-abundant 2D MXenes for constructing high-performance and cost-effective electrocatalysts.
INTRODUCTION
The advances of cutting-edge technologies, such as metal-air batteries and fuel cells, provide highly potential and sustainable alternative solutions to tackle the increasing severe energy and environmental issues. Highly active and durable electrocatalysts for cathodic oxygen reduction reaction (ORR) are indispensable for the widespread application of fuel cells. The state-of-theart catalysts are mainly based on noble metals such as platinum (Pt), but the high cost, limited resources, and poor durability have significantly hampered the commercialization of the Pt-based fuel cells. On this ground, the research of cost-effective nonprecious metal catalysts (NPMCs) has been a foremost subject of the electrocatalysis. In the past decades, great efforts have been made to develop non-Pt family metals or even metal-free alternatives as ORR catalysts [1, 2] . Especially, rapid progress has been achieved on metal-free ORR electrocatalysts, such as mesoporous carbons, heteroatom-doped graphene, and carbon nanotubes (CNTs) [3] [4] [5] [6] [7] [8] [9] [10] . Very recently, studies on electrocatalysis of transition metal carbides (MXenes) have attracted increasing attention [11] [12] [13] [14] [15] [16] [17] . MXenes, possessing hydrophilic surface with prominent conductivity and stability, can be expected as promising electrocatalysts. In particular, the recently reported research has focused on the MXene composites for electrocatalysis, such as the overlapped g-C 3 N 4 and Ti 3 C 2 nanosheets composites (TCCN) as a catalyst for oxygen evolution reaction (OER) [13] , and MXene-Ag composites for ORR process [17] .
Two-dimensional (2D) materials and structures have stimulated great attention during the past decade due to their ultrathin nanostructure and intriguing physiochemical properties [18] [19] [20] [21] [22] [23] [24] . Very recently, MXenes, a new family of multifunctional 2D solid crystals including a large class of carbides, nitrides, and carbonitrides with metallic conductivity and hydrophilicity, as well as good mechanical properties, were developed by Gogotsi, Barsoum and their colleagues [25, 26] . The chemistry of MXenes led to versatile applications in energy storage [27] [28] [29] [30] [31] [32] , water purification [33] , chemical sensors [34, 35] , photo-or electrocatalysis [16] , electromagnetic interference shielding [36, 37] and biomedical fields [38] [39] [40] [41] . To date, the electrochemical process of MXenes also has attracted increasing attention for catalysis. Notably, employing multifunctional 2D MXenes as effective electrocatalysts for oxygen reduction may offer the following advantages: (i) the prominent metallic conductivity of 2D MXene facilitates highly efficient chargecarrier transfer; (ii) the terminal metal site on the surface (e.g., Ti, Nb, V or Ta) of 2D MXenes results in stronger redox reactivity than that of other carbon-based materials; (iii) 2D MXenes have high stability in aqueous media; (iv) hydrophilic surface of 2D MXenes leads to strong interaction with catalytic targets or water molecules.
With the above advantages, MXenes could be employed as an ideal candidate in electrocatalysis. However, to the best of our knowledge, there is no report on exploiting the intrinsic electrocatalytic oxygen reduction performance of Ti 3 C 2 MXene. In this study, we focus on the newly discovered 2D titanium carbide (Ti 3 C 2 ) MXene as non-noble electrochemical catalysts for oxygen reduction. The synthesis and delamination of ultrathin 2D Ti 3 C 2 nanosheets were achieved by a liquid exfoliation method combining HF etching (delamination) and TPAOH intercalation (disintegration). The thickness distribution of the as-fabricated Ti 3 C 2 is around 0.5-2.0 nm, which matches well with the dimension of a single-layer or double-layer Ti 3 C 2 nanosheet in thickness. Electrochemical measurements suggest that the obtained 2D Ti 3 C 2 MXene has desirable ORR activity, stability as well as methanol crossover effect. This work presents a modified strategy for the synthesis of ultrathin 2D Ti 3 C 2 MXene with high performance towards ORR.
EXPERIMENTAL SECTION

Fabrication of Ti 3 C 2 MXene
The bulk Ti 3 AlC 2 (MAX phase) was sintered by mixing titanium powder (99.5 wt% purity; 325 mesh), aluminum powder (99.5 wt% purity; 325 mesh) and graphite powder (99 wt% purity; particle size <48 μm, 300 mesh), in a 2:1:1 molar ratio. All of these reagents were purchased from Alfa Aesar, Ward Hill (USA). The powders underwent a ball-milling process for 10 h and were then pressed into cylindrical discs at 30 MPa. The fabrication process was followed by a modified liquid exfoliation method [39] . These green products were heated to 1,500°C for 2 h under inert atmosphere (Ar flow). The as-fabricated Ti 3 AlC 2 precursor was crushed into powder. Then, 5 g powders was immersed in 60 mL of~40% HF aqueous solution (Shanghai Macklin Biochemical Co., Ltd, China) for three days at room temperature (RT). After washing and centrifugation with oxygen-free water, the precipitate was collected and dispersed into 50 mL TPAOH aqueous solution (tetrapropylammonium hydroxide 25 wt% aqueous solution, J&K Scientific Co., Ltd., Beijing, China) for three days under stirring at RT. Subsequently, the assynthesized Ti 3 C 2 was collected and washed for three times with oxygen-free water to remove the residual TPAOH.
Characterization X-ray diffraction (XRD) was performed by a Rigaku D/MAX-2200 PC XRD system with Cu Kα radiation (λ=1.54 Å) at 40 mA and 40 kV. Transmission electron microscopy (TEM) images were obtained by a JEM-2100F electron microscope under 200 kV. Scanning electron microscopy (SEM) was conducted on a field-emission Magellan 400 microscope (FEI Company). X-ray photoelectron spectroscopy (XPS) was performed on ESCAlab250 (Thermal Scientific). Atomic force microscopy (AFM) analysis was acquired by Veeco DI Nanoscope Multi Mode V system. The concentration of sample was detected by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Agilent Technologies).
Electrochemical measurements
Cyclic voltammetry (CV) data were obtained by a standard three-electrode method on a CHI-760E electrochemical workstation (CH Instrument, Inc.). Glassy carbon (GC) disc of 6 mm in diameter served as a substrate for the catalyst. Catalyst ink was prepared by mixing 10 mg catalyst, 1 mL water and 1 mL ethanol. After 30 min in a ultrasonic bath, 20 μL catalyst ink was transferred onto the GC electrode, yielding a catalyst loading level of 0.35 mg cm
KCl) and graphite pod served as the counter and reference electrodes, respectively. 0.1 mol L −1 KOH solution was used as the electrolyte for all electrochemical measurements. The CV curves were obtained by cycling scans at 50 mV s −1 after purging with nitrogen or oxygen for at least 15 min at ambient temperature. Alumina slurry with particle diameter of 1.0, 0.3, and 0.05 μm was used in sequence to polish the GC electrode before the electrochemical characterization. were calculated by Equations (1) and (2), respectively: 
RESULTS AND DISCUSSION
Ti 3 AlC 2 phase ceramics were etched by 40% HF aqueous solution to remove the Al layer. Then, in order to obtain the highly dispersible ultrathin Ti 3 C 2 nanosheets, the etched multilayer Ti 3 C 2 powder (noted as ML Ti 3 C 2 ) was intercalated with TPAOH in water to substantially reduce the planar dimensions (Fig. 1a) . The as-prepared ultrathin Ti 3 C 2 nanosheets (noted as SL Ti 3 C 2 ) with nanoscale lateral size and atom-scale thickness enable the ORR process with high efficiency. The Ti 3 AlC 2 MAX phase was synthesized by a solidstate reaction (Fig. 1b) . SEM images show that Ti 3 AlC 2 MAX phase is lamellar (Fig. 1c, d ). Both high-resolution TEM (HRTEM) image and selected-area electron diffraction (SAED) pattern exhibit Ti 3 AlC 2 with a hexagonal (P6 3 /mmc) structure ( Fig. 1e and inset) . SEM images reveal the microstructure of HF-treated Ti 3 C 2 powder (Fig. 1f) exhibiting well-stacked, uniform planar morphology (Fig. 1g, h ). HRTEM image shows the hexagonal crystalline lattice of multilayer Ti 3 C 2 nanosheets, and the corresponding SAED pattern indicates that the basal hexagonal symmetry of the parent MAX phase has been well-retained after HF etching (Fig. 1i and  inset) . After further intercalation of TPAOH, bright-field TEM images reveals ultrathin, electron-transparent and free-standing flakes of exfoliated Ti 3 C 2 nanosheets (Fig. 1k, l) , which exhibit the typical planar morphology with an average lateral size of~150 nm. The Fourier transform pattern exhibits that Ti 3 C 2 nanosheets have well-preserved defined hexagonal structure, and the corresponding original SAED further confirms the unchanged hexagonal symmetry structure ( Fig. 1m and  inset) . Digital photographs of free-standing Ti 3 C 2 nanosheets show a typical Tyndall effect, featuring their excellent dispersity and hydrophilicity (Fig. 1j) . The electron energy loss spectrum (EELS) confirms the existence of Ti, C, O and the absence of Al, indicating its removal from the structure (Fig. S1) .
AFM image confirms the formation of free-standing SL Ti 3 C 2 (Fig. 2a, c) . The statistical thickness distribution of as-fabricated Ti 3 C 2 measured by AFM exhibits the sheet heights of about 0.5-2.0 nm, which matches well with the dimension of a single-layer or double-layer Ti 3 C 2 nanosheets in thickness. The lateral size of~150 nm is consistent with the TEM images (Fig. 2b) . XRD pattern demonstrates the successful fabrication of Ti 3 AlC 2 MAX phase (Fig. 2d, black curve) . The peak intensities originating from the parent Ti 3 AlC 2 bulk sequentially decreased after HF etching and TPAOH intercalation. Especially, the (002) peaks were broadened significantly and downshifted to 8.69°for ML Ti 3 C 2 or 5.59°for SL Ti 3 C 2 . The newly emerging low-angle (002) peaks, typical for MXenes, confirm that the entire sample has converted to SL Ti 3 C 2 MXenes [42, 43] . Additionally, the disappearance of the most intense peak of Ti 3 AlC 2 phase at 2θ around 39°is due to the exfoliation. In Fig. 2e of Raman spectra of Ti 3 AlC 2 and Ti 3 C 2 nanosheets, disappearance of the vibration modes ω 2 , ω 3 and ω 4 after HF treatment implies the removal of Al layer or the exchange of Al atoms with other atoms. Mode ω 5 has downshifted and weakened, while mode ω 6 has been merged and suppressed, which indicates the well-preserved Ti 3 C 2 layer and increased interlayer spacing of the MXene structure (Fig. S2) .
Ti 3 C 2 nanosheets were analyzed by energy-dispersive X-ray spectroscopy (EDS) and XPS to probe the composition and surface terminations. EDS results confirm the presence of Ti, C and O (Fig. S3) . In general, carbon content estimated from the EDS spectra is inaccurate since carbon can be readily found as a contaminant. The high oxygen content measured by EDS could thus be due to either the water molecules intercalated between the MXene layers, which would be difficult to be removed completely, or the partial surface oxidation of Ti 3 C 2 layers. XPS result of the Ti 3 C 2 nanosheets shows the presence of Ti (IV), TiC x O y , and inherent Ti-C bond, which indicates the formation of TiO 2 or Ti 3 C 2 (OH) 2 (Fig. 2g-i) .
To assess the ORR catalytic activity, our catalysts were first loaded (with the same mass) onto glassy carbon electrodes. The ORR activities of Ti 3 C 2 MXene catalysts were investigated in alkaline solution for RDE and RRDE measurements (Fig. 3) . These results were compared with those of a commercial Pt/C catalyst. The ORR activity of the as-prepared Ti 3 AlC 2 , ML Ti 3 C 2 and SL Ti 3 C 2 was assessed by CV in O 2 or N 2 -saturated 0.1 mol L −1 KOH solution (Fig. S4 ). All the catalysts exhibit oxygen reduction activity in O 2 -saturated electrolyte, but no redox peaks could be found in the quasi-rectangular voltammograms of N 2 -saturated electrolyte. Remarkably, the SL Ti 3 C 2 shows a much more positive ORR onset potential,~0.85 V relative to the reversible hydrogen electrode (RHE), and higher peak current density than Ti 3 AlC 2 and ML Ti 3 C 2 (Fig. 3a) . Electrochemical impedance spectroscopy (EIS) was employed to investigate the charge transfer resistance at the electrode surface. In a typical Nyquist plot, the semicircle portion corresponds to the charge transfer resistance (R ct ). The lowest R ct of SL Ti 3 C 2 ( Fig. 3b) indicates that it possesses the highest conductivity, which facilitates remarkable enhancement of ORR activity. The limit current density of SL Ti 3 C 2 increases with scan rates (Fig. S5) , indicating a diffusion-controlled process [44] . Moreover, a stable oxygen reduction current density of 2.3 mA cm −2 can be mostly retained for SL Ti 3 C 2 after 2,000 cycles, despite a slight decline in comparison with the initial CV cycle (Fig. 3c) . We employed RDE measurements to evaluate the ORR kinetics of SL Ti 3 C 2 in 0.1 mol L −1 KOH (Fig. 3d) . The linearity of the Koutecky-Levich plots and nearly parallel fitting lines suggest the first-order reaction kinetics toward the oxygen-dissolved concentration and similar n for ORR at varied potentials (Fig. 3d, inset) [45] . The n was measured to be~3.7 at 0.55-0.70 V, depicting that SL Ti 3 C 2 favors a four-electron (4e) pathway of oxygen reduction process, similar to the high-quality commercial Pt/C catalyst (n~4.0) (Fig. S6) . Tafel plots of SL Ti 3 C 2 and commercial Pt/C derived by the mass-transport correction of corresponding LSV data were used to further evaluate the ORR activity of Ti 3 C 2 MXene (Fig. 3e) . The SL Ti 3 C 2 has a Tafel slope of 64 mV dec
KOH, which is much lower than that of Ti 3 AlC 2 and ML Ti 3 C 2 , but close to that of the commercial Pt/C as 74 mV dec −1 [46] , suggesting that SL Ti 3 C 2 features a favorable kinetics for ORR. RRDE measurements of the Ti 3 C 2 MXene catalyst recorded the formation of peroxide species (H 2 O 2 ) during the ORR process (Fig. 3f, top) [47] . The measured H 2 O 2 yields are below~14% and~3% for SL Ti 3 C 2 and Pt/C, respectively, over the potential range of 0.55-0.70 V, giving n~3.7 for SL Ti 3 C 2 (Fig. 3f, bottom) , consistent with that calculated by the Koutecky-Levich plots based on RDE measurements, suggesting that the oxygen reduction process of SL Ti 3 C 2 is via a 4e pathway.
Some dominant factors such as catalytic activity, cost, and durability should be considered in choosing ORR catalysts for practical applications in fuel cells. As demonstrated above, the as-fabricated SL Ti 3 C 2 features desirable ORR activity with cost-effective production, and we further investigated its stability via the accelerated durability tests [48] . It can be found that the E 1/2 of SL Ti 3 C 2 exhibits a slight negative shift by 9 mV after 1,000 potential cycles between 0.4 and , while the Pt/C shows a 25 mV reduction of its E 1/2 (Fig. 4a) . Chronoamperometric measurement confirms the SL Ti 3 C 2 has much higher stability than the commercial Pt/C. In fact, after a continuous operation for 10,000 s, the Pt/C showed a 25% current decay, but the SL Ti 3 C 2 retained~87% of the initial current, which suggests that our catalyst has higher durability than the Pt/C for the ORR process in alkaline medium (Fig. 4b) . Furthermore, the methanol-crossover effect was evaluated for the SL Ti 3 C 2 and the commercial Pt/C in O 2 -saturated 0.1 mol L −1 KOH solution with 5%
(in volume) methanol. It is shown that the introduction of methanol only results in a slight deterioration of ORR performance for the SL Ti 3 C 2 . In contrast, the normalized current of Pt/C dropped dramatically when methanol was added into the electrolyte (Fig. 4b inset) , featuring an evident applicability of the as-prepared SL Ti 3 C 2 in direct methanol fuel cells. Generally, oxygen adsorption, electron transfer and active sites are the important parameters of electrocatalysts. Therefore, the reason for the high electroactivity and stability of 2D Ti 3 C 2 towards ORR is proposed as below. Firstly, a large surface area, which results from the ultrathin uniform 2D structure, is in favor of the oxygen adsorption. Secondly, the high conductivity of 2D Ti 3 C 2 , which has been confirmed by the EIS results, is in favor of the electron transfer during the oxygen reduction processes. Last but most importantly, there are large amounts of -F dangling bonds on the surface of 2D structures. The large electronegativity of -F dangling bonds takes effect on the electronic structure of 2D Ti 3 C 2 , and serve as the active sites of ORR processes. [49] .
CONCLUSIONS
In summary, a robust, noble metal-free nanocatalyst, freestanding 2D Ti 3 C 2 MXene nanosheets derived from the bulk rigid ceramics (MAX phase), was fabricated by a liquid exfoliation process combining HF etching (delamination) and TPAOH intercalation (disintegration). The Ti 3 C 2 MXene-based catalyst exhibited desirable ORR activity and stability in alkaline media. With a sandwich-like structure consisting of titanium atoms at the surface layer or terminals and carbon atoms at the inner layer, the catalyst is a perfect model system for understanding the ORR active sites of this kind of 2D layer-by-layer catalysts. This study gives a novel pathway to utilize Ti 3 C 2 MXene-based catalyst with desirable ORR activity and stability in alkaline media, which demonstrates the potential of earth-abundant 2D MXenes for constructing high-performance and cost-effective electrocatalysts.
